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Experimental constraints for additional short-range forces from neutron experiments 
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We present preliminary results on sensitivity of experiments with slow neutrons to constrain additional 
forces in a wide distance range: from picometers to micrometers. In the sub-nanometer range, available 
data on lengths of neutron scattering at nuclei provide the most competitive constraint. We show that it 
can be improved significantly in a dedicated measurement of asymmetry of neutron scattering at noble 
1^ ' gases. In the micrometer range, we present sensitivity of the future GRANIT experiment. Further analysis 

(~| ' will be presented in following publications. 



<^ , 1 Introduction 

. Our first analysis of constraints for additional fundamental short-range Yukawa-like forces^I^ S l 3 | 4 | 5 | 6 | 7 | 

^ \ from neutron experiments was motivated by the measurement of gravitationally bound quantum states of 

1^ \ neutrons!- ^ 1^ 1 ^^1 A conservative estimate ^ ^ could be obtained from this experiment under the assump- 

Q ■ tion that an additional force itself is not sufficiently strong for producing an additional quantum state 

. near mirror surface, even in absence of the gravitational interaction. Such constraint is valid in a very 
broad distance range from nanometers to micrometers and provides a kind of benchmark for short-range 

_ ^ forces constraints from neutron experiments. However, it is not as sensitive as the existing constraints ob- 

^ ■ tained in experiments studying gravity at short distances or Casimir 

forceslSn]. 

On the other hand, the 

performed experiment with ultracold neutrons was not designed for searching for additional short-range 
forces and therefore dedicated neutron experiments could improve it and thus become rather competitive. 

The natural condition for optimum sensitivity of neutron experiments is the approximate equality 
of the characteristic range of Yukawa-like force and the neutron wavelength. This condition subdivides 
experiments with slow neutrons into 3 classes. 

1. Scattering of cold (thermal) neutrons with the wavelength in the sub-nanometer range (the typical 
neutron wavelength is defined by the maximum in neutron spectra in moderators at nuclear reactors 
or spallation sources); 

2. Neutron optics experiments with the neutron wavelength in the nanometer range (here the neutron 
wavelength is defined by typical values of effective Fermi-potential of 10^^ eV); 

3. Gravitationally bound quantum states of neutrons with the largest available neutron wavelength 
(the characteristic distance range is zq = 5.87 /^im). 

We will show that in each class of the experiments mentioned above one could improve constraints 
(relative to those by many orders of magnitude in corresponding distance range. By coincidence, 



the third class of neutron experiments has optimum sensitivity to the characteristic distance range of mi- 
crometers, corresponding to predictions of theories with two extra spatial dimension j ^ I ^ I 3K | 5 | 6 | 7 | 17 |. 
the first and second classes have optimum sensitivity in the nanometer range corresponding to theories 
with three extra spatial dimensions. 

Neutron experi ments provide a useful tool for studies of short-range forces as this has been noted 
in many publications l^^ l ^^ l ^^ l ^^l^^ l ^^ l ^^ l Thus, neutron electric neutrality and slow velocity allow one 
to avoid systematic false effects related to electromagnetic forces. Several decades of methodical devel- 
opments in this field resulted to extremely high precision of experiments. For instance, one could note 
measurements of as small asymmetries of neutron scattering as « 10~^ — 10^^ in rel^^II, Wavelengths of 

neutrons produced in nuclear reactors and spallation sources cover a very broad range of lO"^'^ — 10~^ 

FTTl 

m. Finally, neutrons can be easily polarized to nearly 100 % , thus allowing studies of spin-dependent 



short-range interactions ' However, neutron methods are limited by important drawbacks. Thus, one 
has to measure small absolute forces (oc A^, where N is the number of atoms in the test body at the 
distance < A where A is the characteristic range of the Yukawa-like force) in contrast to measurements 
of the interaction between two macroscopic bodies (oc iV^), as for the Casimir-type experiments or for 
tests of gravity at short distances. Neutron experiments are statistically limited. This is not so important 
a constraint for experiments with cold (thermal) neutrons with fluxes of up to ?a 2 x 10^'^ n/cm^/s over 
cross-section of up to 6 cm by 20 cml^. However, total fluxes of ultracold neutrons available for the 
experiments with gravitationally bound quantum states of neutrons are as low as 10^^ s^^. Neutron 
experiments are much "smaller" in terms of size and investments compared to high-energy physics ex- 
periments; on the other hand, these are not just "table-top" experiments. Therefore, keeping in mind a 
rather few people involved and limited resources, one should accept that any progress takes time. 

Let's analyze the present status of contraints for short-range forces from neutron experiments and 
possible prospects to improve their sensitivity. We will show that in the sub-nanometer range, avail- 
able data on lengths of neutron scattering at nuclei provide the most competitive constraint. It can be 
improved significantly in a dedicated measurement of asymmetry of neutron scattering at noble gases. 
Neutron optics experiments will be analyzed in future publications. In the micrometer range we present 
sensitivity of the future GRANIT experiment. Fig.l shows the existing neutron constraints and their 
possible improvements together with constraints known from other methods. 

2 Sub-nanometer range: neutron scattering 

We will study effects of an additional Yukawa-like force V5(r) between a neutron (mass m) and a nucleus 
(mass M = Am). We assume that such a force is proportional to masses: 

Vyir) = -GmMa (1) 

r 

here r is the distance, G is the gravitational constant, a is the additional force strength normalized to 
gravity, A is the range of the force. The calculation of the scattering amplitude for a center of mass 
momentum hk is a standard exercise within the Bom approximation: 

frie) = ^ '-^ , (2) 

where 9 is the scattering angle in the center of mass reference system. As the range of a new interaction 
is much larger than nuclear range, the total amplitude for scattering due to nuclear interaction and new 
interaction is simply given by the sum f{9) = fN{(^) + fvi^)^ where fN{S) is the nuclear term. 

The main difficulty in extracting contraints from neutrons experiments consists in separating extra 
Yukawa-hke force from the nuclear force. Such a difficulty is less important for other methods since they 
search for a deviation from known forces, such as the gravitational inverse square law, or the Casimir 
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Figure 1: Constraints on Yukawa-like force from neutron experiments. Strength of extra Yukawa-like force (normalized to 
gravitational interaction) is shown in function of the characteristic range of this force. Grey zone corresponds to the existing 
constraints obtained in measurements of gravity at small distances, the Casimir force, the van der Waals force, in experiments 
with anti-protons. Dark zone indicates the constraints following from analysis of the neutron scattering lengths. The two 
vertical arrows show distance ranges for optimum sensitivity of the neutron optics experiments (on left) and the experiments 
with gravitationally bound quantum states of neutrons (on right). Constraints from various neutron experiments are shown on 
the figure as follows: 1) straight thin line indicates constraints obtained from the condition of non-existence of an additional 
neutron quantum state near surface just due to the extra force alone; 2) dashed line shows possible constraints from GRANIT 
experiment; 3) straight solid line corresponds to analysis of mass-dependence of neutron scattering lengths, and dotted line 
shows possible improvements of this constraint; 4) dashed-dotted line shows constraints which could be easily obtained in 

measurements of asymmetry of neutron scattering at noble gases. 



force. The most safe way to do this separation is to use the fact that the nuclear force is very short- 
range. The characteristic range of nuclear forces is as short as 1.2 fm. However, they are much 
stronger than any additional short-range interaction of interest. Therefore we have to check that some 
"tails" of the nuclear force do not contribute to the additional Yukawa-like force analysis. We will use 
a simplified approximation of exponential decrease of nuclear forces as a function of distance; also we 
will neglect any "interference" between the two forces. In this case, the contribution of nuclear forces 
will be negligible at distances > 10^^'^ m. In the low-energy limit (valid for slow neutrons discussed 
in the present paper) the neutron scattering at nuclei is described by a single parameter: the neutron 
scattering length b. However, inspite of seeming simplicity of this interaction, one can not calculate 
precisely the values of scattering lengths "from first principles". Instead, the neutron scattering length 
is a phenomenological parameter, which is measured experimentally for each particular isotop. Any 
additional force contribution can not be distinguished in general case from the nuclear force. The method 
to distinguish these two interactions consists, for instance, in analysis of the wave-length dependence of 
neutron scattering. The neutron-nuclear interaction is isotropic in the center-of-mass reference system, 
while an additional short-range force would favor forward scattering compared to backward scattering, 
if neutron wavelength is close to (or smaller than) the range of the additional force. Another method 
consists in verification of presence of an additional linear term in the neutron scattering length as a 
function of nuclear mass. Finally, one could search for any force at distance significantly larger than the 
nuclear force range. 



2.1 Effect of the additional force on the scattering lengths 

Re] 

Measurements of scattering lengths using interference methodtr-^ actually give access to \he forward 
scattering amplitude. Therefore constraint for short-range forces can be obtained just from analysis of the 
mass dependence of the neutron scattering length. Essentially, a contribution of an additional interaction 
(as a function of nuclear mass) would result to an additional linear term in the mass dependence of the 
neutron scattering length, 

b = f{0) = bN + -2 aX^- (3) 

n 

Let us now introduce explicit A dependence of the scattering lenghts. In average, the nuclear scattering 
length for a nucleus of mass mA is expected to be|26l 

bN{A) = RoA^/'^ (4) 

where the nuclear radius is known to be Rq ^ 1.2 fm. So, in presence of an additional force: 

b{A) = RoA^/^ - '^GA aX^ (5) 

h 

Fig. |2]shows the known scattering lengths as a function of atomic mass for various nuclei (isotops). 
This function has been fitted according to the parametrization (|5]l. The nucleus radius Rq is found to be 
1.30 ± 0.17 fm, in accordance with the value known from nuclear physics. Inspite of huge scattering of 
the scattering length values, no significant linear contribution can be observed. We obtained the upper 
limit: 

lal (-^] > 1.6 X 10^^ (6) 
V Inm / 

This constraint is reported in fig. [T] More sophysticated analysis taking into account nuclear shell struc- 
ture can improve this limit by an order of magnitude, this will be achieved in a forthcoming publication. 
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Figure 2: Scattering lenghts for neutron-nucleus interaction as a function of mass number. Fitted values for the parametrisation 

([S} are presented for the parameters -Ro and ^p-G . 



2.2 Asymmetry of neutron scattering at atoms 

Equation Q suggests that if the neutron wavelenght is comparable to the additional force range, the scat- 
tering at a single nucleus would be anisotropic. A measurement of such forward-backward asymmetry 
would allow us to constrain additional forces with corresponding wavelength. 

The most promising method consists in a measurement of neutron scattering at diluted noble gases. 
In this case, however, one has to take into account that we deal with the scattering of neutrons at atomic 
electron cloud. This pr oblematics is known in litterature as a measurement of neutron-electron scat- 
tering length 6ne^ ^^^^^ - The asymetry induced by the additional Yukawa-like force can be hidden by 
the asymetry due to neutron-electron interaction. Unfortunately, results of neutron experiments in the 
short- wavelength domain, aiming to measure the neutron-electron scattering length 6„e> as well as their 
theoretical analysis are rather contradictory, and therefore they have been ignored by scientific commu- 
nity. 

That is why we have to be careful and conservative in order to obtain reliable constraints from previ- 
ous experiments. So we decided to propose a neutron experiment free from systematic errors inherent for 
previous experiments. This is possible because the anisotropy due to neutron-electron interaction appears 
at the neutron wavelengths equal or smaller than atomic size lO^^^m. So if the neutron wavelength 
is chosen to be larger than w lO^^^m, the asymmetry will be free from neutron-electron contribution. 
Fortunately, this is just the domain of neutron wavelengths available at nuclear reactors and spallation 
sources. 

Fig. [3]shows the asymmetry of neutron scattering at an atom in the center-of-mass reference system 
in function of various characteristic ranges of the additional force. Evidently, one needs to use neutrons 
with velocities 1 — 1000 m/s. This means that the thermal motion of the atoms can not be neglected, also 
that the neutron velocity in the laboratory fixed reference system is not equal to the neutron velocity in 
the center-of-mass reference system. Even totaly isotropic scatering in the center-of-mass reference sys- 
tem would be highly anisotropic in the laboratory system. Nevertheless, the kinematics of the scattering 
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Figure 3: The asymmetry of neutron scattering at an atom in the center-of-mass reference system is shown in function of 

various characteristic ranges of the additional force 0, 1; 1; 10 nm. 

process is reconstructed precisely if one measures both the initial and the final neutron velocity in the 
laboratory reference system, that is easily feasible with reasonable statistical accuracy for thermal, cold, 
very cold and probably even ultracold neutrons. An advantageous geometry for the asymmetry measure- 
ment could be close to that used in °; it allows to avoid major systematic errors. In this case, the 
calculated asymmetry would be modified by additional short-range forces as shown in fig|4](the thermal 
motion of argon atoms is taken into account). 

A measurement described above could easily provide accuracy of 10^^ for the ratio of forward to 
backward scattering probabilities; and a corresponding constraint for the additional short-range forces 
shown in fig. [B 

3 Micrometer range: gravitationally bound quantum states of neutrons 

A detailed anaysis of the limit on the additional short range force from the experiment which discovered 
neuton bound states in the Earth's gravity field ^ ^ was presented in ??. The "benchmark" line in fig. [T] 
corresponds to the non existence of extra bound state of neutrons, additional to the bound states created 
by the Eearth gravity field and the bottom mirror. Performing accurate measurement of the spectrum, 
the benchmark line can be improved in the micrometer range. The aim of the GRANIT experiment 
is precisely to induce resonant transitions between bound quantum states, giving direct access to the 
spectrum. Besides statistics, the limiting factor for the accuracy of transition energies AE is the time 
T during which harmonic perturbation is applied, according to Heisenberg's relation AE T > h. The 
ultimate sensitivity of the GRANIT experiment corresponds to T = 886 s, that is, the /? decay lifetime of 
the neutron. The corresponding precision of the transition frequencies is about 10^^. To obtain the reach 
of the GRANIT experiment to contrain extra Yukawa-like force, we use perturbation theory to predict 
the shift of the nth level due to this force: 

roc 

6En = 2TTGmpaX^ dz\iPn{z)\'^e~'/^{z) (7) 
Jo 

where tpniz) is the wave function of the nth level, and p is the mass density of the bottom mirror. The red 
dashed line in the exclusion plot fig. [T] corresponds to the constraint {6E2 — 6Ei)/Ei < 10^^, assuming 
that the bottom mirror has five times the average mass density of the Earth. 





Figure 4: The ratio of neutron flux scattered at argon atom to 45 degree (forward) to that scattered to 135 degree (backward) is 
shown on bottom figures in function of the final neutron velocity for the following cases: no additional forces, additional forces 
with the characteristic range of 0, 1; 1; 10 nm. The thermal motion of gas is taken into account. The two figures on top indicate 
the rate of collisions of neutrons with fixed initial neutron velocity with argon atoms (in thermal motion). The initial neutron 
velocity for two pictures on left side is equal to 20 m/s; the initial neutron velocity for two pictures on right side is equal to 200 

m/s. 



4 Conclusion 

We have presented preliminary results on sensitivity of experiments with slow neutrons to constrain ad- 
ditional forces in a wide distance range: from picometers to micrometers. In the sub-nanometer range, 
available data on lengths of neutron scattering at nuclei provide the most competitive constraint and could 
be improved. Further increase in sensitivity could be achieved in a proposed dedicated measurement of 
asymmetry of neutron scattering at dilute noble gases; such an experiment would be free of a major pos- 
sible systematic error caused by non-proper account for neutron-electron interaction. In the micrometer 
range the sensitivity of the future GRANIT experiment could reach the accuracy of existing Casimir 
measurements if long times of neutrons in the quantum states will be achieved and the UCN density will 
be improved by a few orders of magnitude. To summarize: experiments with slow neutrons could pro- 
vide sensitive constraints for additional short-range forces and show strong potential for improvements. 
Further analysis will be presented in following publications. 
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